The aim of this study was to use in vitro and in vivo models to assess the impact of lipopolysaccharide (LPS) from two different bacterial species on blood-brain barrier (BBB) integrity and brain uptake of colistin. Following repeated administration of LPS from Pseudomonas aeruginosa, the brain-to-plasma ratio of [ 14 C]sucrose in Swiss outbred mice was not significantly increased. Furthermore, while the brain uptake of colistin in mice increased 3-fold following administration of LPS from Salmonella enterica, LPS from P. aeruginosa had no significant effect on colistin brain uptake. This apparent species-dependent effect did not appear to correlate with differences in plasma cytokine levels, as the concentrations of tumor necrosis factor alpha and interleukin-6 following administration of each LPS were not different (P > 0.05). To clarify whether this species-specific effect of LPS was due to direct effects on the BBB, human brain capillary endothelial (hCMEC/D3) cells were treated with LPS from P. aeruginosa or S. enterica and claudin-5 expression was measured by Western blotting. S. enterica LPS significantly (P < 0.05) reduced claudin-5 expression at a concentration of 7.5 g/ml. In contrast, P. aeruginosa LPS decreased (P < 0.05) claudin-5 expression only at the highest concentration tested (i.e., 30 g/ml). Coadministration of therapeutic concentrations of colistin ameliorated the S. enterica LPS-induced reduction in claudin-5 expression in hCMEC/D3 cells and the perturbation in BBB function in mice. This study demonstrates that BBB disruption induced by LPS is species dependent, at least between P. aeruginosa and S. enterica, and can be ameliorated by colistin.
T he blood-brain barrier (BBB) is formed by specialized endothelial cells of cerebral microvessels. Unlike endothelial cells in other organs, the layer of endothelial cells lining the cerebral microvessels constitutes a physical barrier between blood and brain tissue by a complex network of tight junctions (TJs) (1) . The TJs consist of transmembrane proteins spanning the intercellular cleft; these proteins include occludin, claudins (particularly claudin-5) (2), and several cytoplasmic proteins, such as zonula occludens (3) . Under normal conditions, these TJ proteins seal the paracellular route of the BBB, thus preventing the movement of relatively small hydrophilic molecules from the blood into the brain, ensuring homeostatic regulation of the central nervous system (CNS) (4) .
Alterations to TJ proteins and increases in BBB permeability are observed during various disease states, including peripheral hyperalgesia, bacterial meningitis, systemic inflammation, and sepsis (5) (6) (7) (8) . Indeed, we have demonstrated that systemic administration to mice of lipopolysaccharide (LPS), a key component of the outer membrane of Gram-negative bacteria, from Salmonella enterica (as a model of bacterium-induced inflammation) leads to BBB dysfunction (9) . One proposed mechanism for the decreased paracellular integrity of the BBB in response to LPS involves elevated plasma concentrations of cytokines, especially tumor necrosis factor alpha (TNF-␣), interleukin-1␤ (IL-1␤), and interleukin-6 (IL-6). Studies have demonstrated that direct administration of cytokines significantly enhances BBB permeability both in animals and in brain endothelial cell monolayers (10) (11) (12) (13) (14) . However, in our previous studies involving inoculation of Pseudomonas aeruginosa to mice, despite significant increases in the plasma concentrations of the three above-mentioned cytokines, the BBB paracellular integrity was not compromised (15) . These studies suggested a lack of correlation between the release of these three cytokines and BBB disruption. This lack of correlation was further strengthened by the observations that LPS from S. enterica, which induced a lower proinflammatory response than P. aeruginosa bacterial infection, caused greater BBB disruption (15) . This suggests that there may be a direct TJ-disrupting effect of LPS via activation of LPS receptors expressed at the brain endothelial cells. It has been shown that LPS can cause increased permeability when applied directly to the BBB in animals and decreased paracellular integrity in isolated brain microvascular endothelial cell monolayers (8, (16) (17) (18) (19) (20) . However, whether there is a species-dependent effect of LPS between P. aeruginosa and S. enterica when applied directly to the BBB remains to be clarified.
In the present study, the effects of LPS from both S. enterica and P. aeruginosa (as species inducing systemic infection) on (i) the BBB paracellular route in mice, (ii) the brain uptake of the polymyxin antibiotic colistin, and (iii) the plasma cytokine concentrations were compared. To further assess whether any species-dependent BBB disruption was due to specific effects on the BBB, the impact of each LPS on the expression of claudin-5 was measured in an immortalized human brain capillary endothelial (hCMEC/ D3) cell line (21, 22) . Given the potentially neurotoxic consequences of BBB disruption resulting from LPS-induced inflammation, we were interested to determine whether the clinically utilized antibiotic colistin could ameliorate the BBB-disrupting effects of S. enterica LPS. Colistin is a polypeptide antibiotic belonging to the polymyxin family, and it is now increasingly being used to treat Gram-negative bacterial infections as last-line salvage therapy. In addition to its bactericidal effect, colistin has also been shown to bind to LPS and prevent the pathophysiologic effects of the endotoxin in the circulation (23) . On the basis of this knowledge, the hypotheses of this study are (i) that LPSs from S. enterica and P. aeruginosa exhibit species-dependent effects on BBB dynamics and (ii) that coadministration of colistin prevents LPSinduced BBB disruption through sequestration of free LPS in the systemic circulation. . Endothelial basal medium 2 (EBM-2) and an endothelial growth medium SingleQuot kit were purchased from Lonza (Walkersville, MD). Fetal bovine serum (FBS) and Dulbecco's phosphate-buffered saline were purchased from Invitrogen (Auckland, New Zealand), and rat tail collagen type I was purchased from BD Biosciences (Bedford, MA). The primary rabbit anti-claudin-5 and mouse anti-␤-actin antibodies were obtained from Abcam (Cambridge, MA), and the secondary goat anti-mouse and donkey anti-rabbit antibodies were purchased from LI-COR Biosciences (Lincoln, NE). All other reagents were of analytical and/or high-pressure liquid chromatography (HPLC) grade, and water was prepared from a Millipore purification system (Millipore Corporation, Billerica, MA).
MATERIALS AND METHODS

Chemicals
Effect of P. aeruginosa LPS on BBB integrity and brain uptake of colistin. Animal experiments were approved by the Monash Institute of Pharmaceutical Sciences Animal Ethics Committee and were performed in accordance with the Australian National Health and Medical Research Council (NHMRC) guidelines for the care and use of animals for scientific purposes. Male Swiss outbred mice (age, 6 to 8 weeks; weight, 25 to 30 g) were used in all studies. Mice had free access to food and water during all experimental periods.
Mice were administered intraperitoneally (i.p.) 200 l of 0.9% (wt/ vol) saline (control) or LPS (P. aeruginosa, 3 mg/kg of body weight in saline) at 0, 6, and 24 h. At 4 h after the last administration, mice (n ϭ 6) were intravenously administered a 50-l dose of [ 14 C]sucrose (2 Ci in saline), plasma and brain samples were collected at 5 min postdose, and radioactivity in plasma and brain was determined using liquid scintillation counting (Tri-Carb 2800 TR; PerkinElmer, Boston, MA) (9) . The brain-to-plasma (B:P) ratio of [ 14 C]sucrose at 5 min was calculated using the following formula: (number of disintegrations per minute [dpm] per gram of brain tissue)/(number of dpm per milliliter of plasma). To determine the brain uptake of colistin in mice treated with LPS from P. aeruginosa, a 200 l colistin sulfate solution was administered subcutaneously (s.c.) to mice (40 mg/kg) at 4 h after the third LPS or saline dose. Plasma and brain samples (n ϭ 4) were harvested 0.5 h later, and the concentrations of colistin in brain homogenate and plasma were determined by HPLC to obtain B:P ratios (24) . These B:P ratios were compared to those obtained following administration of LPS from S. enterica under the same experimental conditions (9) .
Effect of P. aeruginosa LPS on plasma cytokine concentrations. Plasma concentrations of proinflammatory cytokines (TNF-␣, IL-1␤, and IL-6) at 4 h after the last injection of saline or P. aeruginosa LPS were measured by mouse cytokine kits (Ready-SET-Go!; eBioscience, San Diego, CA). According to the company's instructions, a 50-l plasma sample was added to a 96-well plate, and the absorbance at 450 nm was recorded with a Fluostar Optima microplate reader (BMG Labtech, Mount Eliza, Victoria, Australia). Standard curves were established using cytokines of known concentrations present in the kits with a quantification range of between 8 and 1,000 pg/ml. No absorbance was detected with untreated plasma, suggesting that the assay was not affected by the endogenous components within plasma. These plasma cytokine concentrations were compared to those obtained following administration of LPS from S. enterica under the same experimental conditions (15) .
Impact of LPS on claudin-5 expression in vitro.
The hCMEC/D3 cells (passages 36 and 37) were kindly provided by Pierre-Olivier Couraud (INSERM, France). The cells were seeded on rat tail collagen-coated 6-well plates (density, 50,000 cells/cm 2 ) and cultured in EBM-2 supplemented with vascular endothelial growth factor, insulin-like growth factor 1, epidermal growth factor, basic fibroblast growth factor, hydrocortisone, ascorbate, and penicillin-streptomycin from the endothelial growth medium SingleQuot kit and 2.5% (vol/vol) FBS, as recommended by the manufacturer. The cells were maintained at 37°C in an atmosphere of 5% CO 2 -95% O 2 . Culture medium was changed every 1 to 2 days until cells reached a confluent monolayer.
Once they were confluent (at 4 to 5 days postseeding), the hCMEC/D3 cells were treated with serum-free medium or LPS (from S. enterica or P. aeruginosa in serum-free medium) at concentrations of 3.75, 7.5, 15, and 30 g/ml (n ϭ 3 replicates/concentration). These concentrations of LPS were predicted on the basis of a bioavailability of approximately 10% from the i.p. cavity (25) with the doses which were administered to mice (i.e., 3 mg/kg). To match the time period of exposure to the in vivo studies, the cells were exposed to serum-free medium or LPS for 28 h. The cells were then lysed using ice-cold radioimmunoprecipitation assay (RIPA) buffer (150 mM sodium chloride, 1.0% [vol/vol] Triton X-100, 0.5% [wt/vol] sodium deoxycholate, 0.1% [wt/vol] sodium dodecyl sulfate, 50 mM Tris base, pH 8.0) supplemented with 4% of Complete protease inhibitor cocktail (Roche Pharmaceuticals, Basel, Switzerland) and 1 mM phenylmethylsulfonyl fluoride. Total protein levels from each sample lysate were quantified with a bicinchoninic acid protein assay kit (Pierce, Rockford, IL) using bovine serum albumin (BSA) as a standard, and these samples were then loaded at 7.5 g/well and run on a 12% Tris-glycine polyacrylamide gel. Proteins were separated by electrophoresis at 120 V for 1.5 h in a minigel apparatus (Bio-Rad Laboratories, Hercules, CA). After separation, proteins were transferred onto a nitrocellulose membrane (pore size, 0.22 m; Bio-Rad Laboratories GmbH, Munich, Germany), the membranes were washed in Tris-buffered saline (1 mM Tris-HCl, 150 mM sodium chloride, pH 7.6) supplemented with 0.05% (vol/vol) Tween 20 (TBS-T) and blocked with 5% (wt/vol) BSA dissolved in TBS-T. After 2 h, the 5% BSA solution was removed and the membrane was incubated overnight with the primary antibodies diluted in TBS-T at 4°C. The membranes were rinsed again with TBS-T and then incubated with the secondary antibodies diluted in TBS-T for 2 h at room temperature. Bands were visualized by exposure to a LI-COR Odyssey scanner (Lincoln, NE), and the optical density was quantified using ImageJ analysis software (National Institutes of Health). The expression of claudin-5 was measured relative to the levels of the housekeeping protein ␤-actin.
Effect of colistin on LPS-mediated BBB disruption. Studies investigating whether colistin can ameliorate the BBB-disrupting effect of LPS from S. enterica were performed in hCMEC/D3 cells, and the results were confirmed in vivo. hCMEC/D3 cells were grown to confluence and treated with either (i) serum-free medium, (ii) LPS from S. enterica (15 g/ml in serum-free medium), (iii) colistin sulfate (30 g/ml in serum-free medium), or (iv) LPS from S. enterica (15 g/ml in serum-free medium) and colistin sulfate (30 g/ml in serum-free medium) (n ϭ 3 per treatment). The concentration of colistin chosen was based on the plasma concentration obtained after subcutaneous administration of a 40-mg/kg dose to mice (9) . At 28 h after treatment, cells were lysed and the expression of claudin-5 was quantified, as described above.
To confirm whether any ameliorative effect of colistin observed in vitro was reflective of the in vivo setting, male Swiss outbred mice (n ϭ 4 per treatment) were randomly divided into four groups, and mice in each group were administered an i.p. dose of S. enterica LPS (3 mg/kg in saline) or saline with either a subcutaneous dose of colistin (40 mg/kg in saline) or saline at 0, 6, and 24 h. At 4 h after the last dose, mice were intravenously administered a 50-l solution of [ 14 C]sucrose (2 Ci in saline) as a BBB integrity marker, and plasma and brain samples were collected at 5 min postdose. The radioactivity in plasma and brain homogenate was determined using liquid scintillation counting, as described above, and B:P ratios of [
14 C]sucrose were determined for each treatment group. In addition, plasma cytokine concentrations (TNF-␣, IL-1␤, and IL-6) in each mouse were measured as described above.
Data analysis. All data are presented as the mean Ϯ standard deviation (SD), unless otherwise stated. For comparisons of the B:P ratios ([ 14 C]sucrose or colistin) or cytokine concentrations between saline-treated and P. aeruginosa LPS-treated animals, Student's t test was employed. When comparing the hCMEC/D3 cell ␤-actin-normalized expression of claudin-5 between different LPS concentrations, a one-way analysis of variance followed by a Newman-Keuls multiple-comparisons test (PASW Statistics for Windows, version 17.0; Chicago, IL) was used. The one-way analysis of variance was also used when comparing the claudin-5 expression or B:P ratios of [ 14 C]sucrose between saline-, LPS (S. enterica)-, and colistin-treated hCMEC/D3 cells or mice. A difference with a P value of Ͻ0.05 was considered significant. (9) . Consistent with this species-dependent effect on BBB integrity, the B:P ratios of colistin in saline-or P. aeruginosa LPStreated mice were very low, with values of 0.029 Ϯ 0.010 and 0.026 Ϯ 0.005, respectively. These B:P ratios were not significantly different between saline-and LPS-treated mice (Fig. 1b) , again inconsistent with our previous findings with S. enterica LPS (9) .
RESULTS
Effect of LPS
Plasma cytokine concentrations following LPS treatment. Plasma concentrations of TNF-␣, IL-1␤, and IL-6 following administration of P. aeruginosa LPS are shown in Fig. 2 . The concentrations of all three cytokines were below the lower limit of quantification (LLQ; i.e., Ͻ8 pg/ml) in saline-treated mice. The IL-1␤ levels in plasma following administration of P. aeruginosa LPS were also below the LLQ. However, the concentrations of the other two cytokines (i.e., TNF-␣ and IL-6) were considerably higher in P. aeruginosa LPS-treated mice, although a statistically significant difference (relative to the control) could not be demonstrated, given that the corresponding cytokine concentrations in saline-treated mice were all below the LLQ.
Effect of different LPS species on claudin-5 expression. As shown in Fig. 3a , the claudin-5/␤-actin ratios were not different between hCMEC/D3 cells treated with growth medium and those treated with S. enterica LPS at 3.75 g/ml. However, as the concentration of S. enterica LPS increased to 7.5 g/ml and above, the claudin-5/␤-actin ratios decreased significantly relative to that for the medium-treated cells (P Ͻ 0.05). In contrast, no difference in the claudin-5/␤-actin ratio was observed between cells treated with medium and those treated with P. aeruginosa LPS until the cells were treated with the highest concentration of LPS (30 g/ ml) (Fig. 3b) .
Amelioration of the effect of LPS on BBB integrity by colistin. As shown in Fig. 4a , the claudin-5/␤-actin ratio in hCMEC/D3 cells was not affected by treatment with colistin alone; however, treatment with S. enterica LPS at 15 g/ml resulted in a significant (P Ͻ 0.05) reduction in the expression of claudin-5. Importantly, when LPS-treated hCMEC/D3 cells were also treated with colistin at 30 g/ml, the expression of claudin-5 returned to the baseline level, being no different from that for the control treated hCMEC/D3 cells.
Similarly, the integrity of the BBB (as measured by the B:P ratio of [ 14 C]sucrose) was no different between saline-treated (0.034 Ϯ 0.003) and colistin-treated (0.032 Ϯ 0.003) mice (Fig. 4b) . As expected, the B:P ratio of [ 14 C]sucrose was significantly increased following S. enterica LPS treatment (0.044 Ϯ 0.002); however, when LPS was coadministered with colistin at 40 mg/kg, the brain uptake of [ 14 C]sucrose returned to baseline levels (0.026 Ϯ 0.001). This amelioration of LPS-induced BBB disruption mediated by colistin was not associated with alterations to plasma cytokine levels (Fig. 5) , consistent with a direct protective effect of colistin on the BBB, as observed in the studies with hCMEC/D3 cells. ϩ , plasma concentrations were below the lower limit of quantification (8 pg/ml).
DISCUSSION
Due to the unique TJ structure exhibited by endothelial cells forming the BBB, the biochemical homeostasis within the CNS is well maintained (3). However, systemic inflammation and bacterial infections may cause disruption of the BBB TJs. The subsequent BBB hyperpermeability may potentially lead to neurotoxicity, given that the brain exposure to normally impenetrable compounds may be increased (20) . For example, systemic challenge with LPS or lambda-carrageenan leads to enhanced brain uptake of BBB integrity markers, such as [
125 I]albumin and [
14 C]sucrose (5, 26) . Similarly, we have assessed the impact of systemic inflammation on the CNS exposure of the poorly permeable antibiotic colistin (27) and have shown increased brain uptake following repeated i.p. injections of LPS from S. enterica (9) . This suggested that the brain uptake of this antibiotic may also be enhanced during bacterial infection; however, with bacteremia caused by P. aeruginosa, BBB integrity and brain uptake of colistin remained unaltered in mice (15) . In order to address whether the disparity resulted from the differences between the bacterial species, the effect of LPS from P. aeruginosa on BBB dynamics was assessed. After being administered in the same dosing regimen used for LPS from S. enterica (i.e., 3 mg/kg at 0, 6, and 24 h) (15) , the brain uptake of [ 14 C]sucrose and colistin in mice treated with P. aeruginosa LPS was not different from that in saline-treated mice. In contrast, significantly higher [
14 C]sucrose and colistin B:P ratios (P Ͻ 0.05) were observed in LPS (S. enterica)-treated mice (9). We did not reassess the effects of S. enterica LPS on the brain uptake of [ 14 C]sucrose or colistin in the current study, as previous results in our laboratory have demonstrated the effects of S. enterica LPS to be quite reproducible (with a coefficient of variation of 12.2% over 24 replicates) and consistent with reports from other laboratories (28, 29) . The lack of effect of P. aeruginosa LPS is consistent with our previous observations demonstrating that inoculation of P. aeruginosa did not affect the paracellular integrity of the BBB (15) , despite the plasma concentrations of IL-6 and TNF-␣ being substantially increased with both P. aeruginosa inoculation and P. aeruginosa LPS administration. These data point to the possibility that increases with serum-free medium, colistin sulfate (CS; 30 g/ml in serum-free medium), LPS (S. enterica, 15 g/ml in serum-free medium), and LPS (S. enterica, 15 g/ml in serum-free medium) with colistin sulfate (30 g/ml in serum-free medium) (n ϭ 3); (b) B:P ratios of [
14 C]sucrose in Swiss outbred mice at 4 h after the last dose of the i.p. saline regimen and the s.c. saline regimen; i.p. saline and s.c. colistin sulfate (40 mg/kg) at 0, 6, and 24 h; i.p. S. enterica LPS (3 mg/kg) and s.c. saline at 0, 6, and 24 h; and i.p. S. enterica LPS (3 mg/kg) with s.c. colistin sulfate (40 mg/kg) at 0, 6, and 24 h. Data are presented as the mean Ϯ SD (n ϭ 4). *, P Ͻ 0.05 compared to medium (a) or saline (b) using a one-way analysis of variance.
in the plasma concentrations of these cytokines may not be related to BBB disruption. This is further supported by the observations that plasma concentrations of TNF-␣ and IL-6 in P. aeruginosa LPS-treated mice were not significantly different (P Ͼ 0.05) from those in mice treated with S. enterica LPS (15), an LPS which we previously demonstrated induces significant BBB disruption. This is an interesting observation, given that these are the main cytokines involved in immune responses to infections (30) and have been reported to decrease the integrity of the BBB (11) . Moreover, the fact that colistin was not able to decrease the plasma concentrations of TNF-␣ and IL-6 induced by S. enterica LPS but still ameliorate the BBB-disrupting effect of S. enterica LPS further supports the notion that S. enterica LPS may be causing a direct BBB-disrupting effect independently of TNF-␣ and IL-6. The results may appear to be in contrast to those of other studies showing that altered BBB integrity was observed in brain endothelial cells and animals following treatment with cytokines such as TNF-␣, IL-1␤, and IL-6 (11, 12) . However, the BBB-disrupting effect of cytokines in those studies was observed only at concentrations far exceeding those that we have measured in vivo with both LPS administration and bacterial infection (10, 31) . Therefore, the BBB-disrupting effects of cytokines observed in those studies are likely not to be a reflection of the effects observed in our in vivo studies.
It has been well reported that LPS can affect the integrity of the BBB and alter the paracellular permeability through binding to receptors expressed at the BBB, such as Toll-like receptor 4 (TLR4) or CD14 (32, 33) . Several cytoplasmic signaling molecules, such as RhoA, nuclear factor kappa B, phosphoinositide 3-kinase kinase, myosin light chain kinase, protein kinase C, and mitogen-activated protein kinase, have been suggested to be involved in this process, either directly or indirectly via the rearrangement of the actin cytoskeleton (8, 18, 21) . Given our in vivo findings that LPS could affect BBB paracellular function in a species-dependent manner, we assessed whether P. aeruginosa and S. enterica LPSs exhibited differences in their ability to alter TJ expression in a relevant in vitro BBB model. Recently generated by immortalizing primary human brain endothelial cells (34) , the hCMEC/D3 cells show a morphology that closely resembles that of primary cells in culture, and they form confluent monolayers that express important in vivo BBB characteristics, such as TJ proteins (35) . While this model does not serve as a direct model of the mouse BBB, characteristics of this cell line similar to those of mouse brain endothelial cells allow it to act as a sufficient model to corroborate the findings of our in vivo mouse brain uptake studies (36) (37) (38) . As studies have shown that the level of LPS in the general circulation represents approximately 10% of the injected i.p. dose (25) , the estimated plasma concentration of LPS in our animal studies following i.p. administration of a dose of 3 mg/kg was expected to be approximately 15 g/ml. This concentration may be slightly higher than the concentrations of LPS observed in patients with severe sepsis; however, laboratory animals appear to be relatively insensitive to LPS, thus requiring higher doses to result in a systemic infectious state (39) , and doses at the mg/kg level are not unusual (40) . Therefore, with our doses of LPS administered to mice and the expected plasma concentrations of LPS from such doses, LPS concentrations ranging from 3.75 to 30 g/ml were chosen to measure the impact of different LPS species on claudin-5 expression in the cell culture model. The results demonstrated that while S. enterica LPS reduced the expression of claudin-5 at a relatively low concentration, the concentration of P. aeruginosa LPS required to decrease claudin-5 expression was approximately four times higher. Our findings from the in vitro studies corroborate the results from our in vivo studies suggesting that S. enterica LPS exhibits a greater ability to decrease TJ function at the BBB.
The first step required for LPS to exert its direct BBB-disrupting effect is through binding to LPS receptors at the BBB, mainly mediated by the lipid A component of LPS (41) . Therefore, the reason for the difference in the specific BBB-disrupting effect of S. enterica LPS relative to that of P. aeruginosa LPS may be differences in their structures, especially the lipid A component of LPS. Indeed, LPSs from different bacterial species exhibit varied biological activities. Zughaier et al. have shown that LPS from Escherichia coli has a TNF-␣-inducing activity ϳ8-fold greater than that of LPS from P. aeruginosa (42) . It is interesting to note that lipid A, which adopts a conical conformation, is more active in inducing cytokine production through binding to receptors than endotoxins that exhibit a cylindrical molecular shape (43) . There is evidence suggesting that lipid A of LPS from S. enterica exhibits a conical shape (44) , while lipid A of LPS from P. aeruginosa exhibits a cylindrical shape (45) . Moreover, lengths of lipid A side chains of 12 to 14 carbons have been shown to be optimal for stimulating efficient immunological responses (46, 47) . Most side chains of lipid A from P. aeruginosa LPS contain 12 or even fewer carbons, whereas there are 14 carbon atoms in most side chains of lipid A from S. enterica LPS (48) . Given these conformational and carbon-length characteristics of S. enterica LPS, which are desirable for LPS receptor binding, it is likely that LPS from S. enterica may bind to its receptors at the BBB more effectively than LPS from P. aeruginosa, triggering downstream signaling pathways leading to greater BBB disruption.
Given that colistin is able to bind to LPS and, indeed, that this is the initial step of its antibacterial effect (49), we investigated whether the BBB-disruptive effects of LPS from S. enterica could be ameliorated by coadministration of colistin. Treatment of ϩ , plasma concentrations were below the lower limit of quantification (8 pg/ml); #, n ϭ 2 (as the remaining replicates were below 8 pg/ml).
hCMEC/D3 cells with S. enterica LPS led to a significant reduction in claudin-5 expression. However, when cotreated with colistin at 30 g/ml, a concentration similar to that which we used in mice (9), the claudin-5-reducing effect of LPS was prevented. It should be noted that alterations of BBB function are not always accompanied by changes in the endothelial expression of TJ proteins (50, 51) and the increased expression of claudin-5 may not necessarily correlate with improved BBB function. Therefore, it was necessary to determine whether a similar effect would be observed in vivo. Thus, the BBB penetration of [
14 C]sucrose in mice was assessed under conditions involving a range of different pretreatments. The brain uptake of [ 14 C]sucrose in mice treated with colistin alone did not differ from that in saline-treated mice, suggesting that repeated subcutaneous administrations of colistin did not affect BBB integrity. An opening of the BBB paracellular route was observed in S. enterica LPS-treated mice, as the B:P ratio of [ 14 C]sucrose increased significantly; however, coadministration of colistin with LPS restored the BBB integrity, indicating that colistin negated the LPS-disruptive effect in vivo. The amelioration of the BBB-disrupting effects of S. enterica LPS induced by colistin may result from a direct binding of lipid A to colistin. As mentioned above, the lipid A component is the moiety of LPS responsible for binding to receptors and triggering the downstream signaling pathways responsible for the damage of TJ function (33, 52) . Therefore, the avid binding of colistin to the lipid A portion of LPS (53) may decrease the free concentration of circulating LPS available to the receptors (i.e., TLR4), thus preventing the ability of LPS to decrease the BBB expression of claudin-5 in vivo. This observation may suggest a new potential therapeutic role for colistin, namely, prevention of the LPS-induced BBB disruption that is observed in various disorders such as sepsis.
Conclusion.
The ability of LPS to induce BBB disruption in vitro and in vivo has been demonstrated to be species dependent. Moreover, colistin has the ability to reduce the LPS-mediated BBB paracellular disruption potentially observed with Gram-negative bacterium-induced bacteremia.
